LH, FSH, and chorionic gonadotropin (CG) are comprised of a common ␣ subunit and a hormone-specific ␤ subunit. Using Madin-Darby canine kidney (MDCK) epithelial cells to examine the polarized secretion of human CG/LH, we previously reported that CG and LH were detected in the apical and basolateral compartments, respectively, and the carboxyl terminal end of the CG␤ subunit contains a strong apical signal. Here we show that the carboxyl seven amino acids in the LH␤ subunit contribute to the basolateral secretion of LH, and an LH chimera bearing the CG␤ apical signal is redirected from the basolateral to the apical compartments. Because LH and FSH are synthesized in the same cell, we also compared the secretion polarity of LH with FSH. MDCK cells expressing the FSH dimer displayed an almost equal distribution of protein into the apical and basolateral compartments. Given that the LH␤ and CG␤ carboxy terminal sequences, which differ from that in the FSH␤ subunit, occupy a pivotal role in their polarized behavior, the results support the hypothesis that pituitary exit of LH and FSH occur via different secretion pathways, and are released spatially from the pituitary via different circulatory routes.
INTRODUCTION
Human luteinizing hormone (LH) and follicle-stimulating hormone (FSH) of the pituitary and the placental hormone human chorionic gonadotropin (CG) are members of the glycoprotein family, which also includes thyrotropin. These hormones are noncovalently associated heterodimers consisting of a common ␣ subunit and a hormone-specific ␤ subunit [1] .
When comparing biosynthesis of LH and CG, two important differences emerge: their pathways of secretion and their sites of release. LH is packaged into dense core secretion granules [2, 3] , subject to regulated release by secretagogues [4] , and secreted directly into the blood vessels via the basal laminal region of gonadotroph cells [5] [6] [7] . By contrast, FSH is released constitutively into the blood stream and its secretion is tightly coupled to synthesis [8] [9] [10] . CG is released constitutively from placenta but is apically directed through the villous to the uterine luminal compartment created by the implanted placenta [11] [12] [13] [14] .
The CG␤ subunit evolved by a gene duplication event from the LH␤ locus [15] and as a result, both ␤ subunits share 85% amino acid identity and functionally, LH and CG bind to a common gonadal receptor [16, 17] . A major difference between the two ␤ subunits is their carboxyl terminal region. The CG␤ subunit contains a 31-amino acid hydrophilic carboxy-terminal extension (CTP), which bears four O-glycosyl recognition sites [18] [19] [20] [21] . The LH␤ subunit possesses a hydrophobic heptapeptide that terminates at residue 121 [17, 22] . Thus, the apparent major evolutionary change from LH␤-to the CG␤ subunit was the appearance of the CTP. Although the overall crystal structure of the FSH␤ subunit [23] is similar to the CG␤ subunit [24] , the amino acid sequence of the latter is quite distinct from the other ␤ subunits.
One of the unique features of most epithelial cells is that they exhibit polarized secretion of proteins by two different routes: apical and basolateral. The apical side faces luminal or exterior milieu and the basolateral surface is directed toward the blood supply [25, 26] . The secretion polarity of numerous proteins have been examined using polarized Madin-Darby canine kidney (MDCK) epithelial cell line [27] [28] [29] [30] . Using this model, we demonstrated that CG is secreted apically from MDCK cells and this release is programmed by the CTP sequence [31] . By contrast, LH is secreted to the basolateral compartment in these cells [31] . Thus, the CTP, which is absent in the LH␤ subunit, directs CG to the maternal serum and permits the unique endocrine status of primate placentation.
FSH, like LH, is synthesized in the gonadotrophs and, although their release overlaps at the preovulatory surge [32] , LH and FSH secretion diverges under a variety of physiological conditions [2, 10, 33, 34] . It has been reported that LH-containing secretory granules redistribute subcellularly and become polarized to the side of the gonadotroph nearest to the vascular sinusoid during the preovulatory surge [5, 6, 35] , whereas FSH is apparently more dispersed in vesicles throughout the cytoplasm [6] .
Here we examine the secretion behavior of FSH and LH from MDCK cells. The data show that FSH displays no secretion polarity. This contrasts with LH, which exhibits a basolateral preference. We also show that the carboxy terminal region of the LH␤ subunit contributes to its basolateral signaling. Moreover, while fusion of the CTP to the LH␤ subunit targets LH secretion to the apical side of the MDCK cells, addition of CTP to the FSH␤ subunit did not alter polarity. These results support the hypothesis that pituitary exit of LH and FSH occurs via different secretion pathways. Moreover, in the case of LH/CG, the carboxy terminal region is an evolutionarily functional determinant, responsible for the apical polarity of CG secretion in vivo. for PCR amplification and sequencing were prepared by Washington University Sequencing Facility (St. Louis, MO 
Cell Culture
MDCK cells (strain II), a gift of Dr. Sharon Milgram (University of North Carolina, Chapel Hill, NC), were grown in DMEM/F-12 (for no more than 10-15 passages) supplemented with 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin and containing 5% FBS (vol/ vol) at 37ЊC in a humidified 5% CO 2 incubator. The cells were cultured on plastic dishes or, to obtain polarized monolayer, on 24-mm (3.5 ϫ 10 5 cells/ml) Transwell filters (0.4 m pore size; Corning-Costar, Cambridge, MA) allowing separate access of media to the apical and basolateral membrane. Filter-grown cells were cultured for 4-5 days with changes of medium daily.
To assess the integrity of epithelial monolayer and formation of tight junctions (as an indicator of achieving polarization), transepithelial electrical resistance was measured using the Millicell ERS (Millipore Corp., Bedford, MA) [36] . All experiments were performed when electrical resistance was Ͼ300 ohms/cm 2 [31] .
Transfection and Clone Isolation
Transfection was performed using the DNA-calcium-phosphate precipitation method as previously described [31, 37, 38] . MDCK were stably transfected with pM 2 HA vector containing the ␣, FSH␤, LH␤, LH␤114, LH␤114-CTP subunit genes or the LH␤114-bearing deglycosylated (dg) CTP, which lacks the O-linked oligosaccharides (LH␤114-dgCTP) (Fig.  1 ). The mutant LH␤114 is a truncated LH␤ lacking the seven amino acids (115-121) at the carboxyl terminus [38] . The construction of ␣, LH␤, LH␤114, LH␤114-CTP expression plasmids were previously described [37, 38] (Fig. 1) . The LH␤114-CTP contains the first 114 amino acids of LH␤ and the entire CTP sequence of CG␤ subunit [20] . The construction of the FSH␤-CTP chimera was previously described [39] .
The LH␤114-dgCTP ( Fig. 1 ) was constructed in several steps. First, we generated a polymerase chain reaction (PCR) fragment (PCR I) comprising LH␤ exon 1, exon 2, and a newly created SalI site in the intron of the LH␤ gene by using LH␤114-CTP-␣ single chain as a template [40] . The resulting fragment was ligated into the SalI site of pM 2 HA. A second PCR (PCR II) was performed using FSH␤-CTP-LH␤114-CTP-␣ single chain as a template [41] to construct a fragment containing part of the intron bearing the SalI site and exon 3 devoid of the coding sequence encoding carboxyl-terminal heptapeptide (-SalI-LH␤114 exon3-). A parallel reaction (PCR III) containing the gene encoding the O-deglycosylated CG␤ mutant (CG␤-dgCTP) [42] generated a PCR fragment comprising the coding sequence of deglycosylated CTP sequence and SalI site (dgCTP-SalI). The overlapping PCR (PCR IV) was performed using PCR II and PCR III products generating a fragment containing -SalI-LH␤114 exon 3-dgCTP-SalI. This product was ligated into pM 2-HA-LH␤ exon 1, exon 2-SalI. The final product, LH␤114-dgCTP, was sequenced to ensure no errors occurred during the PCR reactions.
Clones expressing individual subunits and dimers were selected approximately 12 days later with G418 (0.25 mg/ml) [37, 38] . Single colonies were isolated and maintained in culture medium containing 0.125 mg/ ml G418. Several clones expressing the dimers FSH (N ϭ 4), LH (N ϭ 4), LH114 (N ϭ 3), LH114-CTP (N ϭ 10), LH114-dgCTP (N ϭ 7), FSH-CTP (N ϭ 6), or their corresponding subunits (N ϭ 3-10 clones for each subunit) grown on culture dishes, were selected by metabolic labeling and immunoprecipitation of media using ␣-, CG␤-, or FSH␤-specific antisera (see below).
To determine the basolateral and apical distribution, cells were grown on Transwell filters, and after achieving confluence and forming a tight monolayer, the cells were metabolically labeled with 25 Ci/ml [ 35 S]cysteine in DMEM/F-12 medium lacking cysteine and supplemented with 5% DFBS, L-glutamine, penicillin, and streptomycin [20, 31, 38] . Following overnight incubation, the media were immunoprecipitated with subunit-specific antiserum following Pansorbin treatment. Precipitation of the ␣ subunit with CG␤/FSH␤ antiserum indicates dimer formation. The reduced and boiled (4 min) proteins were analyzed by 15% SDS-PAGE gels [31, 37] .
Expression of Data and Statistical Analysis
Labeled proteins from autoradiography were quantified by densitometry. Equal exposure times for the autoradiograms were used when comparing the results of protein secretion into the apical and basolateral compartments. The total combined secretion of protein into the medium of apical and basolateral compartments was taken as 100%. The apical and basolateral ratio for all dimers and subunits was determined from the relative percent of protein present in each compartment. For each subunit and dimer, several clones were analyzed. Each experiment was repeated at least three times and the results are expressed as mean (%) Ϯ SEM; P Ͻ 0.05 was considered as significantly different.
RESULTS

Secretion of LH114 Dimer and the LH␤114 Subunit
We previously demonstrated that LH is released from the basolateral side of MDCK cells while CG is secreted apically [31] . Although the LH␤ and CG␤ subunits share greater than 85% amino acid identity [1] , a major sequence divergence occurs at their carboxyl termini: CG␤ subunit terminates with a 31-amino acid hydrophilic carboxyl terminal extension containing four O-linked glycosyl units [18] [19] [20] [21] compared with a seven-amino acid hydrophobic stretch that terminates the LH␤ carboxyl terminus [17, 22] The relative percent secretion of LH114 dimer and LH␤114 subunit into the apical (stippled bars) and basolateral (solid bars) compartments were determined by densitometry from autoradiographs (see Methods). The combined secretion of protein into the medium of apical and basolateral compartments was taken as 100%. The apical and basolateral ratios for dimer and subunits were determined from the percent of protein present in each compartment. Results are shown as the mean Ϯ SEM (%). Asterisks indicate significant difference, P Ͻ 0.05. C) The basolateral (BL)/apical (Ap) distribution in media collected from MDCK cells expressing wild-type LH dimer (lanes 5 and 6) and LH␤ subunit (lanes 7 and 8). Media from the apical and basolateral compartments were analyzed as described in A. D) The relative percent secretion of wild-type LH dimer and LH␤ subunit were determined as described in B. Results are shown as the mean Ϯ SEM (%). Asterisks indicate significant difference, P Ͻ 0.05. (Fig. 1) . Given that the apical route of CG from MDCK cells is primarily due to the CTP sequence [31] , we suspected that the LH basolateral preference is related, at least in part, to the heptapeptide on the LH␤ subunit. To examine this point, MDCK cells were cotransfected with the ␣ subunit and either the wild-type LH␤ subunit or a truncated LH␤ mutant lacking the last seven codons corresponding to amino acids 115-121 (LH␤114) (Figs. 1 and 2) . In addition, cells were transfected in the absence of the ␣ subunit. The cells were metabolically labeled and immunoprecipitated with CG␤ antiserum (Fig. 2A) . Deletion of the seven amino acids significantly reduced (P Ͻ 0.05) the basolateral fraction of the LH114 dimer (Fig. 2, A and B ) compared with wild-type LH dimer (n ϭ 3 experiments and N ϭ 4 clones) and LH␤ subunit (n ϭ 5 experiments and N ϭ 3 clones; Fig. 2, C and D) ; only 61% Ϯ 1.4% of total secreted LH114 dimer (n ϭ 9 experiments and N ϭ 3 clones) was released basolaterally whereas 39% Ϯ 1.4% was detected in the apical medium (Fig. 2B) . When the uncombined LH␤114 subunit was examined (n ϭ 8 experiments and N ϭ 4 clones), the pattern of secretion (Fig.  2B) resembled that seen for the corresponding dimer. These data indicate that the heptapeptide of LH␤ contributes to the basolateral secretion of LH dimer.
Secretion of LH114-CTP Dimer and the LH␤114-CTP Subunit
The above data, together with our previous studies, show that the carboxy-terminal regions of the LH␤ and CG␤ subunits influence polarized secretion of subunits and their dimers from pituitary and placenta, respectively. That the carboxyl ends of the CG␤ subunit contain a determinant for the apical secretion predicts that an LH␤ chimera bearing the CTP should be preferentially released apically. To test this, the heptapeptide of LH␤ was replaced with the CTP domain (LH␤114-CTP) (Fig. 1) . The total secretion of LH114-CTP dimer (n ϭ 6 experiments and N ϭ 10 clones) and the uncombined LH␤114-CTP subunit (n ϭ 5 experiments and N ϭ 10 clones) (Fig. 3A) was comparable with the secretion of LH114 dimer/LH␤114 (Fig. 2) , indicating that the CTP has a minimal effect on the overall secretion of LH␤114. In contrast with LH114 dimer and LH␤114, densitometric analyses of labeled proteins (Fig. 3B) show that secretion of LH114-CTP dimer or uncombined LH␤114-CTP subunit displayed an apical preference (63% Ϯ 1.1% and 66% Ϯ 1.1%, respectively, P Ͻ 0.05) similar to that observed for CG (73% Ϯ 2.5%; n ϭ 3 experiments and N ϭ 3 clones) (see also Jablonka-Shariff et al. [31] ). Media from the apical (Ap) and basolateral (BL) compartments were immunoprecipitated with CG␤ or ␣ antiserum. In the dimer, LH␤114-dgCTP subunit comigrates with the ␣ subunit on SDS gels. That the LH␤114-dgCTP combines with the ␣ subunits was confirmed by nondenatured Western blots using antisera against ␣ and CG␤ subunits. B) The relative percent secretion of LH114-dgCTP dimers and LH␤114-dgCTP subunit into the apical (stippled bar) or basolateral (solid bar) compartments was quantitated by densitometry as described in Figure 2 . Results are shown as the mean Ϯ SEM (%). Asterisk indicates significant difference, P Ͻ 0.05.
Thus, the CTP redirected LH114 dimer/LH␤114 subunit to the apical compartment. These results further confirm that the carboxy termini of LH␤ and CG␤ subunits play a role in the basolateral and apical secretion patterns, respectively, of the corresponding dimers.
The shift from basolateral to apical preference when the CTP is added to the LH␤114 might be attributed to a nonspecific effect of adding peptide to the carboxyl end of LH␤114. Because we showed previously that the apical activity of the CTP in CG dimer was due to the O-linked oligosaccharides [31] , we created a chimeric LH␤114-dgCTP subunit devoid of the O-linked oligosaccharides (Figs. 1 and 4) . In this case, synthesis of uncombined LH␤114-dgCTP (Fig. 4) displayed a basolateral preference (63% Ϯ 1.4%; n ϭ 4 experiments and N ϭ 6 clones), similar to that observed for LH␤114 subunit (Fig. 2) . The polarity of LH114 dimer containing dgCTP (Fig. 4) was only slightly affected; apical ϭ 45% Ϯ 1.3% vs. basolateral 55% Ϯ 1.3% (n ϭ 4 experiments and N ϭ 7 clones). These results suggest that merely substituting the carboxyl end does not dramatically alter polarity of the LH114 dimer to the apical compartment.
Across several animal species, both FSH and LH are synthesized in the same cell, i.e., the gonadotroph [3, 5-7, 43, 44] . However, it has been reported that FSH and LH reside in separate populations of gonadotrophs in bovine and chicken pituitary [44, 45] . Although FSH and LH are released into the circulation, the physiological cues regulating their release are not the same. Given the differences in the sequences between the LH␤/CG␤ and FSH subunits, we examined the partition of FSH synthesized in the MDCK cells (Fig. 5A, lanes 1 and 2) . It is evident that, in contrast with the polarized secretion behavior observed for the LH/CG dimers, the FSH dimer displayed no apparent polarized secretion (Fig. 5B) , i.e., the dimer was observed equally in both compartments. This lack of polarity was also observed for the FSH␤ subunit (data not shown). Curiously, addition of CTP to the carboxyl terminus of the FSH␤ subunit did not significantly alter the polarity of the resulting heterodimer (Fig. 5A, lanes 3 and 4) . Thus, despite the CTP in CG and LH, addition of the sequence to FSH did not significantly alter its polarity (Fig. 5B) .
DISCUSSION
The LH␤ and CG␤ subunits are the most closely related ␤ subunits in the glycoprotein hormone family, having evolved from the same ancestral gene [17] , and share more than 85% sequence identity. Moreover, LH and CG bind to the same receptor and elicit the same biological response [1, 16, 17] . A major difference between them is their carboxy terminal region. CG␤ bears a 31-amino acid hydrophilic terminal peptide that contains four O-glycans while LH␤ has a hydrophobic heptapeptide. Here we show that the heptapeptide in the LH␤ subunit encodes a basolateral determinant. There are several reports showing that cytoplasmic domains in polarized membrane proteins bear motifs consisting of a tyrosine residue near at least one hydrophobic amino acid, or a sequence bearing a leucine/leucine or a leucine/isoleucine pair, which are involved in their basolateral sorting [30, [46] [47] [48] [49] . Although the heptapeptide would face the endoplasmic reticulum lumen-not the cytoplasm-it is intriguing that this carboxyl-terminal sequence in the LH␤ subunit also contains a dileucine motif (-leu-ser-gly-leu-leu-phe-leu).
Despite the decrease in the extent of basolateral release of the LH␤114, it still exhibited preferential basolateral sorting. This implies that the heptapeptide acts in concert with other determinant(s) in the ␤ subunit or is one of a series of interdependent basolateral sorting signals. Given that the polarities of other proteins released from epithelial cells are influenced by the asparagine-linked oligosaccharides [50] [51] [52] , a potential determinant that could contribute to the basolateral sorting is the N-linked oligosaccharide at asparagine 30 in the LH␤ subunit.
In a somewhat related issue, the LH␤ and CG␤ carboxyl termini also influence their assembly with the ␣ subunit and secretion [20, 38] . Previous transfection studies in Chinese hamster ovary cells revealed that the CG␤ subunit is secreted as a monomer and combines efficiently with the ␣ subunit, whereas secretion and assembly of the LH␤ subunit is much less efficient [38, 53] . It was shown by mutagenesis studies that the LH␤ heptapeptide and several other amino acids in the LH␤ subunit were implicated in this behavior [20, 38] . Thus, the carboxyl terminus of the LH␤ subunit is a hot spot for not only the intracellular pathways of assembly and secretion but also for polarized trafficking.
We previously demonstrated that CG is preferentially secreted apically from MDCK cells [31] . Deleting the CTP from CG␤ subunit redirected apical secretion of CG to the basolateral surface, similar to that observed for wild-type LH dimer, indicating that the CTP sequence is a major routing signal for the apical secretion of CG [31] . Consistent with these results is the current observation that the addition of the CTP to the LH␤ subunit promoted release of the chimera to the apical compartment. It is unclear, however, why the FSH-CTP analogue dimer displayed little apical sorting. The absence of significant polarity may preclude entrance in the apical/basolateral sorting pathway. Thus, such proteins like FSH would be refractory to the absence or presence of sorting signals. In the case of CG, the CTP serves as an apical determinant essential for directing steadily increasing levels of hormone in the maternal uterine blood during the first trimester of pregnancy. Trophoblasts are polarized epithelia, forming tight junctions and desmosomes [54, 55] . Although pituitary gonadotrophs are epithelial and exocytosis empties into a basal laminar blood supply, there is no apparent apical domain facing a luminal cavity; rather, the gonadotrophs abut against each other. Nevertheless, there are some intriguing observations that imply that the LH/FSH secretion behavior in MDCK cells reflects their intracellular disposition in vivo. As discussed earlier, studies in the sheep pituitary showed that LH-containing secretory granules are polarized near the vascular bed during the preovulatory surge, while FSH is more uniformly distributed throughout the cytoplasm [5, 6] . Secretory and membrane proteins exit the endoplasmic reticulum and are transported to the trans-Golgi network. At this site in polarized cells, proteins are sorted and routed to their respective basolateral or apical domains [29, 30] . That at the preovulatory surge a significant fraction of gonadotrophs polarize due to a redistribution of LH-containing granules [6] implies that the disposition of LH and FSH into the circulation occurs by different pathways/mechanisms. This is consistent with the data reported here, in which LH and FSH exhibit unique secretion patterns from the MDCK cells, which may reflect an FSH exit through central blood vessels in the pituitary, whereas LH exocytosis occurs through polarized granules adjacent to the capillaries in the basal laminar region of the gonadotroph.
